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FRICTION, WEAR, AND DYNAMIC SEAL STUDIES I N  

LIQUID FLUORINE AND LIQUID OXYGEN 

by W. F. Hady, G. P. Allen, H. E. Sliney, and R. L. Johnson 

Lewis Research Center 

SUMMARY 

F r i c t i o n  and wear s tudies  were conducted with four  mater ia l  combinations 
run submerged i n  l i q u i d  oxygen and i n  l i q u i d  f luor ine  t o  determine t h e i r  po- 
t e n t i a l  as dynamic s e a l  components for f luor ine  turbopump applications.  The 
f r i c t i o n  and wear experiments were conducted with a 3/16-inch-radius hemisphe- 
r i c a l l y  t ipped r i d e r  s l id ing  i n  a circumferential  path on the  f l a t  surface of a 

r o t a t i n g  2--inch-diameter disk. 1 
2 

The s e a l s  used i n  t h i s  invest igat ion had a flame-sprayed A1203 nosepiece 
(0.006 t o  0.008 in .  t h i c k )  and were run against  a mating disk of T i c  cermet o r  
a fused coating of CaFZ + LiF 1- NiFZ on A1203 submerged i n  l i q u i d  f luorine.  

Results indicated t h a t  t h e  presence of a f luor ide  f i l m ,  e i t h e r  as an ap- 
p l ied  fused coating (CaFZ + LiF t NiFZ) or as a f i l m  formed during s l id ing  
(NiFz on the  T i c  cermet or possibly aluminum f luor ide  (A1F3) on AlzO3) i n  
l i q u i d  f luorine,  w a s  b e n e f i c i a l  i n  reducing the  f r i c t i o n  and wear of the  A1203 
r iders .  The s e a l  experiments i n  l i q u i d  f luor ine  showed t h a t  flame-sprayed 
A1203 s l id ing  against  the  T i c  cermet or a fused coating of CaF2 + LiF + NiFZ 
on A1203 a r e  p o t e n t i a l  s e a l  mater ia ls  f o r  f luor ine  turbopump applications.  

INTRODUCTION 

The p o t e n t i a l  use of l i q u i d  f luor ine  as t h e  oxidizer f o r  high-thrust  
rocket engines imposes c r i t i c a l  problems f o r  s l id ing  contact seals i n  turbo- 
pwrrps. To date l i t t l e  information i s  avai lable  to a i d  i n  the  se lec t ion  of 
s l id ing  contact s e a l  mater ia ls  f o r  use i n  l i q u i d  f luorine.  Materials t h a t  have 
been used successfully i n  sea ls  f o r  l i q u i d  hydrogen and l i q u i d  oxygen applica- 
t i o n s  have a l s o  been used i n  l i q u i d  f luor ine  with some problems. The successes 
t h a t  have been achieved can generally be a t t r i b u t e d  t o  the use of a sweep gas 
across the s e a l  face,  which reduces contact of the  seal mater ia ls  with f luo-  
r i n e  ( re f .  1). 

Instances of v io len t  explosions have occurred, however, with both oxygen 
and f luor ine  where carbons have been used and t h e  ign i t ion  source has been 



t raced to the  s e a l  areas. Compatibility s tud ies  have shown t h a t  "amorphous" 
c a b o n  w i l l  r e a c t  v i o l e n t l y  with very low concentrations of f luor ine  i n  n i t ro-  
gen and t h a t  graphi t ic  carbon, a f t e r  prolonged soaking, w i l l  a l s o  reac t  vio- 
l e n t l y  ( r e f s .  2 to 4) .  Applications, therefore ,  should be avoided where con- 
t a c t  of the  carbon with l i q u i d  f l u o r i n e  i s  possible.  Material combinations 
must be selected t h a t  w i l l  be compatible with f luor ine  during s l i d i n g  contact 
and w i l l  provide the low wear and f r i c t i o n  necessary f o r  dynamic seals .  Such 
select ions can be based on well-known chemical thermodynamic pr inc ip les  and on 
experimental reac t ion  rate and compatibil i ty s tud ies  ( r e f s .  5 to 7) .  Reactive- 
gas lubr ica t ion  s tudies  (ref. 8 )  showed t h a t  control led reac t ion  rate 's  ( i . e .  , 
l imi t ing  the  degree of corrosion) were useful  i n  providing e f f e c t i v e  lubr ica-  
t ion.  It i s  possible,  therefore ,  t h a t  mater ia ls  t h a t  have low react ion rates 
or are able  t o  resist  excessive corrosion with f l u o r i n e  may a l s o  form benefi-  
c i a l  lubr ica t ing  films. 

The following invest igat ion w a s  accomplished i n  three  phases: (1) f r i c -  
t i o n  and wear s tud ies  i n  l i q u i d  oxygen of mater ia l  combinations expected to be 
chemically s tab le  i n  f luor ine ,  ( 2 )  f r i c t i o n  and wear s tud ies  of these combina- 
t i o n s  i n  l i q u i d  f luor ine ,  and (3) f u l l - s c a l e  sea l  s tud ies  of these combinations 
i n  l i q u i d  f luor ine  a t  surface speeds and loads representat ive of a pump appl i -  
cation. 

MATERIAL SEL;ECTION 

The s o l i d  materials used i n  t h i s  invest igat ion were selected primarily f o r  
t h e i r  res i s tance  t o  f luor ine  attack. The T i c  cermet and A1203 were selected 
because of hardness, res i s tance  to wear, and chemical s t a b i l i t y  i n  f luorine.  
The nickel-chrome a l l o y  t h a t  contains approximately 55 percent nickel  was se- 
l e c t e d  as the substrate  f o r  the  fused f luor ide  coating (62 BaFZ + 38 CaFzJ 
e u t e c t i c )  because of i t s  hardness and the  t i g h t  bond formed between t h i s  coat- 
ing and nickel-chrome al loys.  Anticipated shear propert ies  of passivat ion 
f i l m s  i n  s l id ing  contact were a l so  important i n  the se lec t ion  of materials. 

The two fused f luor ide  coatings ( 7 6  CaF2 - + 23 LiF + 1 NiFZ and 62  BaF2 +, 
38 CaF2) were selected because they a r e  very s tab le  compounds t h a t  would not be 
chemically affected by l i q u i d  f luorine.  
a l s o  shown considerable promise as so l id  lubr icants  i n  other extreme environ- 
ments ( re f .  9 ) .  

These fused f luor ide  coatings have 

APPARATUS AND PROCEDURE 

The apparatus used i n  t h e  f i r s t  two phases of t h i s  invest igat ion i s  shown 
schematically i n  f igure  1. 
(@-in. diam. ) and a s ta t ionary  hemispherically tipped r i d e r  specimen (3/16-in. 

The basic  elements a r e  a r o t a t i n g  disk specimen 

L, 

r a d . )  i n  
var iable  
specimen 
fed  i n t o  

2 

s l id ing  contact .with the d isk  (see ' i n s e t ) .  The d isk  i s  ro ta ted  by a 
speed e l e c t r i c  motor through a gearbox speed increaser  coupled to the  
shaft. Disk speed i s  monitored by a magnetic pickup whose output i s  
a d i g i t a l  readout instrument. 



Figure 1. - Liquid oxidant f r ic t ion apparatus. 

The r i d e r  specimen i s  loaded against  the disk by a pneumatically operated 
p is ton  on the  end of a gimbal mounted a r m .  
(dry helium) i s  supplied. 
measurement of f r i c t i o n a l  force. 

Through t h i s  a r m  pressurizing gas 
The arm i s  l inked t o  a s t r a i n  gage assembly for 

The apparatus cons is t s  of two sect ions (lower and upper) t h a t  may be sep- 
arated f o r  changing specimens. The lower section cons is t s  of four  separate 
chambers. The inner chamber, o r  t e s t  chamber, i s  located within a "jacket" 
t h a t  i s  f i l l e d  with l i q u i d  nitrogen f o r  cooling and condensing t h e  t e s t  gas. 
This cooling jacket  i s  surrounded by a vacuum chamber t o  reduce the boi lof f  
r a t e  of the  cooling and t e s t  f lu ids .  
i n  f i g .  1) surrounds the  three  chambers and would provide safe operation i f  
excess amounts of t h e  t es t  f l u i d  should escape. The upper sect ion i s  a vacuum 
jacket  through which pass the  disk specimen dr ive shaf t  housing and the  r i d e r  
specimen arm assembly. A s e r i e s  of face seals are used t o  prevent leakage of 
the oxidant along t h e  dr ive  shaft .  Located i n  the  upper half  of' the  bearing 
housing a r e  two carbon face seals used primarily t o  prevent leakage of t h e  
cooling o i l .  Within the  housing t h a t  extends down i n t o  the t es t  chamber i s  a 
double-face s e a l  t h a t  i s  purged with helium s e t  a t  a pressure s l i g h t l y  higher 
than the t es t  chamber pressure. The upper half  of t h i s  double s e a l  cons is t s  

The outermost or s p i l l  chamber (not  shown 
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of graphite running against  a nickel-chrome al loy,  and t h e  lower half  cons is t s  
of A1203 running against  a fused f luor ide  coating ( B G 2  3- CaFz)  on the  nickel-  
chrome al loy.  
r ina ted  hydrocarbon o i l s  a r e  used t o  l u b r i c a t e  the  gearbox and the  support 
bearings i n  the  shaft  housing t o  minimize the p o s s i b i l i t y  of reac t ion  of t h e  
o i l  with the  t e s t  f l u i d  i n  case the shaf t  s e a l s  fa i l .  

Flexible  bellows a r e  used t o  sea l  the  load beam assembly. Fluo- 

The t e s t  gas, oxygen or f luorine,  passes through a c o i l  within the cool- 
ing jacket  before enter ing the  t e s t  chamber near the  bottom. 
the  t es t  f l u i d  i s  i n i t i a l l y  i n  the  gaseous s t a t e ;  t h e  c o i l ,  a t  l i q u i d  nitrogen 
temperature, condenses t h e  gas i n t o  the  l i q u i d  state. Excess l i q u i d  and vapor 
a r e  vented by a l i n e  leaving from a point  near the  t o p  of the  chamber. 
l i q u i d  l e v e l  within the t e s t  chamber i s  monitored by a capacitance probe. 

I n  these tes ts  

The 

The cooling jacket  i s  f i l l e d  with l i q u i d  nitrogen and vented by two dia-  
metr ical ly  opposite l ines .  
s is tance probe. 

The coolant l e v e l  i s  monitored with a carbon re -  

After the desired l i q u i d  l e v e l  w a s  a t ta ined ,  t h e  d isk  specimen was brought 
up t o  speed and t h e  normal load w a s  applied. 
t i o n  w a s . 1  hour. The f r i c t i o n a l  force w a s  measured continuously by res i s tance  
s t r a i n  gages mounted on a dynamometer r i n g  whose output w a s  fed i n t o  a record- 
ing potentiometer. M t e r  completion of a run, r i d e r  wear w a s  obtained by mea- 
suring the wear scar and calculat ing the  wear volume. 

When possible,  experiment dura- 

For t h e  seal experiments a housing 

A 1/16-inch purge l i n e  w a s  con- 
m adapter w a s  made t h a t  contained t h e  t e s t  

seal .  E - a Liquid fluorine 
netted t o  the  housing adapter, which 

E maintained a 2-pound-per-square-inch 
pressure d i f f e r e n t i a l  across  the  t e s t  
seal .  

c .- 
v) 
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.e 
1- 
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m 
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e SPECLMEN P€EPARATION .- 
10-13 

c 
0 

TIC cermet 

i, 
... ... ... ... ... 
A'2°3 

alloy ' NiF2) (BaF2 + CaF2) 

For the  f r i c t i o n  and wear experi-  
ments, t h e  s o l i d  AlzOg r i d e r s  and disks  
were scrubbed with levigated alumina, 
r insed with d i s t i l l e d  water, r insed  with 
alcohol, dried,  and then r insed with a 
solvent (l,l,l t r ichloroethane)  j u s t  
p r i o r  t o  t e s t i n g .  The T i c  cermet disk 
specimens were also cleaned i n  t h i s  man- 
ner. The fused f luor ide  coatings were 
prepared i n  a hydrogen atmosphere fur -  

Figure 2. -Fr ic t ion and wear of a luminum oxide riders 
sliding on various materials in liquid oxygen and liquid 
fluorine. Sliding velocity, 2300 feet per minute; load, 
lo00 arams. 

nace at 1900° F, stored i n  a dessicator ,  
and finally rinsed w i t h  a solvent ( 1, 1, 
t r ichloroethane)  before being placed i n  
the f r i c t i o n  apparatus. 
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For the  f luor ine  seal experiments, the  mating d isk  specimens were cleaned 
and prepared as described previously. The experimental seal assemblies were 
previously cleaned and passivated (exposed to f luor ine  gas t o  form a "passive" 
surface f i lm).  
with a s o f t  c lo th  saturated with the  solvent. 

Upon assembly the  flame-sprayed A1203 nosepieces were wiped 

'otal  
run 
. b e ,  
min 

60 

'23 

60 

60 

62.5 

'45 

59 

RESULTS AND DISCUSSION 

Rider wear Disk sub- 
rate,  s t r a t e  weal 

cu in . / f t  ra te ,  
of s l iding cu i n . / f t  

of s l i d ing  

0 . 0 1 5 ~ 1 0 - ~  1.180~10-~ 

0.012~10-9 0.120~10-9 

0.140x10-9 Negligible 

0 . 0 2 8 ~ 1 0 - ~  Negligible 

0.015xlO-9 Negligible 

0 . 0 3 3 ~ 1 0 - ~  Negligible 

8.300~10-9 Excessive 

F r i c t i o n  and Wear Experiments 

=Z03 

Data were obtained i n  l i q u i d  oxygen and i n  l i q u i d  f luor ine  with A1203 
r i d e r s  s l id ing  on four  d isk  mater ia ls :  (1) nickel-bonded T i c  cermet, (2) so l id  
AlgO3, ( 3 )  76  CaFz  - 23  LiF - 1 NiF2 f i l m  on A1203 (1 NiF2 w a s  used as a col-  
oring agent i n  order t o  d i f f e r e n t i a t e  between the  f luor ide  coating and the 
A1203 subs t ra te ) ,  and ( 4 )  62 BaF2 - 38 C a F 2  ( e u t e c t i c )  film on a nickel-chrome 
alloy. 
these  r e s u l t s  a r e  representat ive of a number of runs. 

The f r i c t i o n  and wear r e s u l t s  a r e  presented i n  t a b l e  I and f igure  2; 

TABLE I. - EXPERlMENTAIi DATA FOR FRICTION AND WEAR OF MATERIALS IN LIQUm OXYGEN AND LIQUID FLUORINE 

[Riders, aluminum oxide; s l iding velocity, 2300 f e e t  per minute; load, 1000 grams.] 

Disk material  
composition I 

I 
T i c  cermet 
(52 T i ,  5 Mo, 
25 N i ,  4.5 Cb, 
13 .2  C, 0.3 Ta) 

= 2 O 3  

ickel-chrome 
al loy (53 N i ,  
3.2 Ti ,  19 C r ,  
12 Fe, 11 Co, 
1 .6  Al, 10 Mo) I 

oating com- 
iosition and 
thickness 

None 

None 

None 

None 

76 CaF2, 
2 3  LiF, 

0.0025 in. 

76 C d ' 2 ,  
2 3  LiF, 
1 NiF2 
0.003 in. 

62 BS2, 

0.0025 in. 

1 N i F Z  

38 CalF2 

... 

62 BS2, 
38 C S Z  
0.002 in. 

Test 
l i qu id  

Owgen 

'luorine 

Oxygen 

'luorine 

Owgen 

'luorine 

Owgen 

- 

' luor ine 

Friction co- 
e f f i c i en t ,  

f 

0.37 

a. 10 

0.50 

0.12 

bo. 29 

0.17 

0.66 

0.24 

Remarks 

Frict ion e r r a t i c ;  
polished wear scars  

Fr ic t ion steady; 
surface reaction 
f i lm NiF2 i den t i f i e '  

Fr ic t ion e r r a t i c ;  
polished wear scars 

Fr ic t ion steady; 
polished wear scars 

Friction steady; 
fi lm f a i l e d  at ap- 
proximately 61.5 mi. 

Fr ic t ion steady 

Film f a i l e d  i m e -  
diately 

Friction steady 

q e s t  terminated because of l o w  l i q u i d  f luorine level.  
k o e f f i c i e n t  of f r i c t i o n  after f i lm fai lure ,  0.50. 
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The results obtained ind ica te  t h a t  l i q u i d  f luo r ine  i s  po ten t i a l ly  a b e t t e r  
boundary lub r i ca t ing  media than l i q u i d  oxygen f o r  t h e  material combinations 
selected f o r  this  inves t iga t ion .  m e  low coe f f i c i en t s  of f r i c t i o n  i n  f luo r ine  
are a t t r i b u t e d  t o  t h e  formation of bene f i c i a l  m e t a l  f l uo r ide  f i l m s  on the  m a t -  
ing surfaces.  The r i d e r  wear rates, cubic inches per  foot  of s l iding,  a re  i n  
general  of t h e  same order of magnitude w i t h  t h e  exception of t he  BaF2 3. C a F 2  
eu t ec t i c  coating on t h e  nickel-chrome a l l o y  run i n  l i q u i d  oxygen, which i s  
approximately th ree  hundred t i m e s  greater .  Resistance t o  oxidation by l i q u i d  
oxygen and t o  f luo r ida t ion  by l i q u i d  f luo r ine  as w e l l  as hardness of t h e  sub- 
s t r a t e  materials are thought t o  be responsible f o r  t h e  low r i d e r  wear i n  these  
experiments. It appears t h a t  t h e  corrosive and abrasive wear t h a t  could be 
expected i n  t h e  h ighly  corrosive environments were minimized by the  ca re fu l  
se lec t ion  of materials. 

Previously reported l i q u i d  oxygen s tudies  ( r e f s .  10 and 11) showed t h a t  
t he  presence of a proper oxide f i l m  on one of t h e  mating surfaces  w a s  bene- 
f i c i a l  i n  e f f ec t ing  good lubricat ion.  I n  t h i s  study it appears t h a t  the  pres-  
ence of a f luo r ide  f i l m ,  e i t h e r  an applied fused f luo r ide  f i l m  i n  l i q u i d  oxygen 
or a f luor ide  fi lm formed during s l id ing  i n  l i q u i d  f luor ine ,  i s  a l so  b e n e f i c i a l  
i n  reducing wear and f r i c t i o n .  

F r i c t i o n  and Wear with Surface Reaction Films 

The results f o r  A1203 s l id ing  against  e i t h e r  t h e  T i c  cermet or U203 show 
a reduction i n  r i d e r  wear, f r i c t i o n  coef f ic ien t ,  and d isk  wear i n  l i q u i d  f luo-  
r i n e  as compared with l i q u i d  oxygen (table I1 and f i g .  2 ) .  Photographs of 

TABU3 11. - EXPERIMENTAL SEAL DATA IN LIQUID FLUO'RDW 

[Nosepiece, flame-sprayed ahminum oxide; s l id ing  velocity, 
minute; pressure difference, 2 lb/sq in . ]  

=material 

T i c  cermet 

_ _ _ .  ~ 

Coating com- 
posit ion and 
thickness 

____ -~ 

None 

s t r a t e  

2300 f e e t  per 

Remarks 

jurface speed, 
30 ft/min 

jurface reac- 
;ion; f i lm 

ipplied fluoride 
'ilm detected on 

___- 
q a l c d a t e d  load a t  cryogenic temperature taking in to  account d i f f e ren t i a l  

thermal contraction of assembly. 
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these two mater ia l  combinations a f t e r  running i n  oxygen and i n  f luor ine  can be 
seen i n  f igures  3 and 4. 
against  A1203 showed the g r e a t e s t  improvement i n  t h a t  r i d e r  wear w a s  reduced 
by a f a c t o r  of 5 and the  coef f ic ien t  of f r i c t i o n  w a s  reduced from 0.50 i n  oxy- 
gen t o  0.12 i n  f luorine.  
cermet shows no appreciable change i n  r i d e r  wear, t h e  f r i c t i o n  coef f ic ien t  i s  
reduced from 0.37 i n  oxygen t o  0.10 i n  f luorine.  It i s  important t o  note t h a t  
continuous f r i c t i o n  t r a c e s  recorded during these runs showed t h a t  s l id ing  w a s  
very smooth and steady i n  l i q u i d  f luor ine  as compared with t h e  l i q u i d  oxygen, 
i n  which s l id ing  w a s  very rough and f r i c t i o n  coef f ic ien t  var ied as much as  
?O. 05. 

Of t h e  two s l id ing  combinations, a z o 3  s l i d i n g  

While t h e  combination of A1203 s l id ing  on the T i c  

X-ray d i f f r a c t i o n s  of the  d i s k  specimen wear t r a c k s  w e r e  taken after runs 
i n  t h e  t es t  Pluids t o  determine whether a react ion f i l m  had formed on t h e  
materials. Nickel f luor ide  w a s  i d e n t i f i e d  as being present on the  wear t r a c k  

.. 
I 
i 

0.05 in .  

Disk wear area, TIC cermet Disk wear area, A1203 

TIC cermet 
7 

C-67 
Figure 3. - Aluminum oxide riders and uncoated t i tanium carbide cermet and a luminum oxide disk specimens run submerged i n  liquid 

oxygen. Sliding velocity, 2300 feet per minute; load, 1000 grams. 

7 



t 
0.05 in. 

Disk wear area, TIC cermet Disk wear area, A1203 

TIC cermet ~1 ~ *IZ03 

C-678281 
Figure 4. - A luminum oxide r iders and uncoated t i t an ium carbide cermet and a lum inum oxide disk specimens run submerged in l iqu id 

f luorine. S l id ing velocity, 2300 feet per minute; load, loo0 grams. 

of the T i c  cermet d isk  a f t e r  it w a s  i n  l i q u i d  f luorine.  This indicated t h a t  
t h e  s o f t  nickel  binder reacted with the  f luor ine  to form a t h i n  surface f i l m  
of NiF2, which w a s  responsible f o r  the  low coef f ic ien t  of f r i c t i o n .  Although 
A D 3  w a s  not p o s i t i v e l y  i d e n t i f i e d  on t h e  A1203 disk run i n  f luorine,  it i s  
probable t h a t  a t h i n  A.lF3 f i l m  w a s  fomed during s l id ing  and w a s  responsible 
f o r  f r i c t i o n  and wear charac te r i s t ics .  

Visual and microscopic examinations of the  disk specimens run i n  oxygen 
and i n  f luor ine  show t h a t  the  w e a r  t racks  a r e  smooth md polished. The highly 
polished appearance of t h e  T i c  cermet suggests t h a t  the  soft intermediate 
films, formed during s l iding,  prevented gal l ing.  The weax of t h e  T i c  cermet 
disk,  therefore ,  i s  thought to be the  removal of the soft nickel  binder i n  the  
form of oxides or f luorides .  
indicated no appreciable wear i n  l i q u i d  f luor ine ,  it i s  thought t h a t  the r i d e r  
t i p ,  being cont inual ly  subjected to high in te r face  temperatures, contributed 

Since profilometer t r a c e s  of the A l z O g  d isks  
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Disk wear area, A1203 (CaF2 - LiF - NiF2) Disk wear area, nickel-chrome alloy (BaF2 - CaF2, eutectic) 

*lZ03 Nickel-chrome alloy 

C-678% 

Figure 5. - A l u m i n u m  oxide r iders and coated a l u m i n u m  oxide and nickel-chrome disk specimens run submerged in l iqu id  oxygen. Sl iding 
velocity, 2 3 0  feet per minute; load, 1000 grams. 

most t o  the  formation of the  f luor ide  film. Because of i t s  performance, both 
i n  l i q u i d  oxygen and i n  f luor ine ,  the combination of A1203 s l id ing  against  the  
T i c  cermet w a s  se lected as one of the mater ia l  combinations f o r  the f luor ine  
s e a l  phase of t h i s  invest igat ion.  

F r i c t i o n  and Wear with Applied Surface Films 

The r e s u l t s  of the applied f luor ide  coatings on e i t h e r  A1203 or the  
nickel-chrome a l l o y  indicated t h a t  these coatings show promise i n  oxygen and 
i n  f luor ine  ( t a b l e  I and f i g .  2 ) .  I n  general, the  experiments showed the f i lms  
performed a t  l e a s t  as wel l  i n  f luor ine  as they d id  i n  oxygen. 

"he CaF2 -1- L i F  -1- N i F Z  on A1203 appears capable of providing an e f f e c t i v e  
When the  r e s u l t s  of t h i s  coat- mating surface f o r  the  A1203 r i d e r  i n  oxygen. 
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Disk wear area, A1203 (CaF2 - LiF - NiF2) Disk wear area, nickel-chrome alloy (BaF2 - CaF2, eutectic) 
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Figure 6. - A l u m i n u m  oxide r iders and coated a l u m i n u m  oxide and nickel-chrome disk specimens run submerged in l iqu id  f luor ine.  
Sl id ing velocity, 2300 feet per minute;  load, lo00  grams. 

ing a re  compared with t h e  r e s u l t s  of t he  uncoated A1203 ( f ig .  1) run i n  oxy- 
gen, it i s  noted t h a t  t he  f r i c t i o n  coef f ic ien t  w a s  reduced from 0.50 t o  0.29 
by the  coating. I n  f luor ine ,  however, t h i s  f l uo r ide  coating on A1203 showed a 
higher f r i c t i o n  coe f f i c i en t  (0.17) than t h e  uncoated A1203 (0.12). Continuous 
f r i c t i o n  t r a c e s  recorded during runs i n  both oxygen and f luo r ine  indicated 
t h a t  s l i d ing  w a s  smooth and steady with t h e  coating. 

The A1203 r i d e r  wear i n  oxygen and i n  f luo r ine  i s  e s s e n t i a l l y  the  same, 
and, although the re  i s  evidence of apparent coat ing f a i l u r e  ( f ig s .  5 and 6 ) ,  
surface p r o f i l e  t r a c e s  of t he  disk wear t r acks  show the  wear of the  A1203 sub- 
s t r a t e  t o  be negl igible .  Because of the  performance shown i n  the  f r i c t i o n  and 
wear experiments both i n  oxygen and i n  f luo r ine  t h e  Ca22 -t LiF + NiFZ on A l z O 3  
w a s  sdlected as a mating material f o r  t h e  A1203 nosepiece f o r  the  f luor ine  s e a l  
s t udie s . 
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The applied f i l m  of Ba;FZ + CaFz on the  nickel  chrome showed a grea t  v a r i -  
ance i n  performance when comparing the  runs i n  oxygen and i n  f luorine.  The 
runs i n  oxygen indicated t h a t  the  fi lm f a i l e d  immediately and r e su l t ed  i n  a 
deep grooving of t he  nickel-chrome subs t ra te  ( f ig .  5) as we l l  as excessive 
A1203 r i d e r  we= ( t a b l e  I and f ig .  2 ) ;  t h e  r i d e r  a l so  showed evidence of metal 
t r ans fe r .  The f r i c t i o n  coe f f i c i en t  f o r  t h i s  run remained high, and the  r e -  
corded f r i c t i o n  t r ace  indicated very rough s l i d i n g  a d  e r r a t i c  contact. 

I n  l i q u i d  f luor ine ,  however, d i sk  and r i d e r  wear a r e  appreciably l e s s  
( t a b l e  I and f ig .  2 ) .  
t h e  nickel-chrome substrate .  It i s  qui te  possible  t h a t  N i F z  was formed during 
s l id ing  as w a s  the  case f o r  t h e  T i c  cermet run i n  f luor ine ;  however, X-ray 
d i f f r a c t i o n  d id  not de t ec t  i t s  presence. The reduct ion i n  r i d e r  wehr and d isk  
wear and the  low f r i c t i o n  coef f ic ien t  (0 .24)  are thought t o  be due t o  the  e f -  
fect iveness  of the  applied eu tec t i c  fluorLde coating. Photographs of t h i s  
combination a f t e r  running i n  l i q u i d  f l u o r b e  a re  shown i n  f igu re  6. 

Surface p r o f i l e  t r a c e s  indicated very l i t t l e  wear t o  

Seal  Experiments 

From the  f r i c t i o n  and w e a r  study, t he  mater ia l  combinations of Alz03 
s l id ing  against  t h e  T i c  cermet and A1203 s l id ing  aga ins t  a fused coating 
(CaF2 + LiF + N i F Z )  on A1203 were selected as the  mater ia l s  t o  be used i n  t h e  
dynamic seal experiments i n  l i q u i d  f luo r ine  ( t ab le  11). 

The s ta t ionary ,  flame-sprayed A1203 nosepiece w a s  at tached t o  a machined 
beryll ium copper bellows t h a t  had a spring rate of 1000 pounds per inch and 
w a s  run against  t h e  mating d isk  while submerged i n  l i q u i d  f luorine.  The r e -  
quired experimental t e s t  conditions were as follows: s l i d ing  veloci ty ,  2300 
f e e t  per minute; face load, 15 pounds; pressure d i f f e r e n t i a l  across  t h e  sea l ,  
2 pounds per square inch. I n  these sea l  experiments, the l o w  pressure d i f -  
f e r e n t i a l  did not prevent t he  seal ing surfaces  from being wetted by l i q u i d  
f luor ine .  

Two minor modifications t o  the  f r i c t i o n  and wear apparatus were required 
before the  dynamic s e a l  studies could be made ( f ig .  7 ) .  
consis ted i n  removing the  loader assembly and redesigning the  lower sea l  hous- 
ing t o  incorporate the  housing of t he  experimental seal .  I n  addi t ion,  a helium 
purge l i n e  w a s  connected between the  load beam and the  s e a l  housing. This 
helium purge l i n e  w a s  used t o  pressurize  i n t e r n a l l y  t h e  experimental s e a l  and 
t o  maintain a 2-pound-per-square-inch pressure d i f f e r e n t i a l  across  the  seal .  
The results of t h e  s e a l  s tud ies  are presented i n  t a b l e  I1 and f igu re  8. 

These modifications 

I n  t h e  f i rs t  attempt t o  run a f u l l - s c a l e  seal i n  f luor ine  it w a s  found 
, t h a t  t he  desired surface speed could not be a t t a ined  because of i n su f f i c i en t  
power t o  dr ive  the  shaf t .  The overloading of the  d r ive  uni t  w a s  caused by t h e  
high (21-lb) face  load on t h e  seal .  A s  a r e s u l t ,  t h i s  experiment w a s  termi- 
nated a f t e r  20 minutes. Surface p r o f i l e  t r aces  of the  T i c  cermet d i sk  
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Figure 7. - Liquid f l u o r i n e  seal test apparatus. 
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Figure 8. -Wear of seal materials obtained during seal experiments in liquid fluorine. 
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( f ig .  8 )  indicated t h a t  a deep groove had been worn i n  the disk. The measure- 
ments of the AlzOg nosepiece a l s o  indicated considerable wear i n  addi t ion t o  
v i s i b l e  edge chipping. Photographs of the  sea l  components f o r  t h i s  experiment 
can be seen i n  f igure  9. 

TIC cermet nosepiece C-68351 

Figure 9. - Seal components; flame-sprayed a lum inum oxide sl iding against a t i t an ium carbide cermet in l iqu id  f luorine. Sl iding velocity, 80 
feet per minute; load, 21 pounds; duration, 20 minutes. 

The second s e a l  experiment w a s  run after a modification t o  the  dr ive  uni t  
w a s  accomplished as w e l l  as calculat ions of expected s e a l  face loading due t o  
contraction of the shaft .  This experiment w a s  run successfully f o r  40 minutes 
a t  2300 f e e t  per minute and a face  load of 15 pounds. Surface p r o f i l e  t r a c e s  
of the  T i c  cermet d isk  indicated a reduction i n  d isk  wear as compared with the 
f i rs t  s e a l  experiment ( f ig .  8).  The AI-203 nosepiece also showed l e s s  wear and 
l e s s  edge chipping. The s e a l  components ( f ig .  10) are shown a f t e r  completion 
of the  experiment i n  f luorine.  

The f i n a l  s e a l  experiment;, t h a t  of A1203 running against  a fused coating 
of CaFZ I-  L i F  f NiF2 on A.I-203, w a s  run successfully f o r  60 minutes. Visual 
examination of the mating d isk  indicated apparent loss  of the  f i l m ;  however, 
X-ray d i f f r a c t i o n  showed t h a t  t r a c e s  of the  fused f luor ide  coating were pres- 
en t  i n  the wear track. Surface p r o f i l e  t r a c e s  of the mating d isk  indicated 
t h a t  there  w a s  no measurable w e a r  of the  U 2 0 3  substrate  ( f ig .  8) .  Figure 11 
shows the  s e a l  components used i n  the  t h i r d  s e a l  experiment a f t e r  60 minutes 
of running i n  liquid fluorine.  The results of t h e  s e a l  experiments indicated 
t h a t  A1203 s l id ing  against  e i t h e r  t h e  fused f luor ide  f i l m  on a 2 0 3  or t h e  T i c  
cermet are acceptable material combinations f o r  f luor ine  s e a l  applications.  
Proper pressure balancing of the seal i s  required, however, t o  prevent exces- 
s ive face loading, which can cause catastrophic  s e a l  wear and l o c a l  fragmenta- 
t i o n  of A l z O 3 .  
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i ** C-67072 
TiC cermet L A 1 2 0 3  nosepiece 

Figure 10. - Seal components; f lamesprayed a lum inum oxide s l id ing against a t i t an ium carbide cermet in l iquid f luor ine.  Sl iding velocity, 2300 
feet per minute; load, 15 pounds; duration, 40 minutes. 

A1203 (CaF2 t LiF + NE2)  i ~ 1 ~ 0 ~  nosepiece, C-67204 

Figure 11. - Seal components; flamed-sprayed a lum inum oxide sl id ing against 76 CaF2 t 23 LiF t 1 NiF2 on a lum inum oxide in  l iquid f luor ine.  
Sl iding velocity, 2300 feet per minute; load, 15 pounds; duration, 60 minutes. 

SUMMARY OF RFSULTS 

From t he  da t a  obtained with aluminum oxide (A1203) i n  s l i d ing  contact with 
several  mating surfaces  submerged i n  l i q u i d  oxygen or i n  l i q u i d  f luor ine  i n  
f r i c t i o n ,  wear, and dynamic s e a l  s tudies ,  t he  following r e s u l t s  were noted: 

1. The A1203 s l id ing  aga ins t  e i t h e r  the  , t i tanium carbide cermet or a fused 
f luor ide  f i l m  on A1203 a r e  po ten t i a l ly  usefu l  seal m a t e r i a l  combinations f o r  
l i q u i d  f luor ine  t urb opump applications.  

2. The presence of a f luor ide  f i l m ,  e i t h e r  as an applied f i l m  (calcium 
f luor ide  (CaF2)  - l i t h ium f luo r ide  (LiF) - nicke l  f l uo r ide  (NiF2)) or a f i lm  
formed during s l id ing  (NiF2) i s  bene f i c i a l  i n  reducing f r i c t i o n  and wear of 
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materials i n  l i qu id  f luorine.  

3. With the  same s l id ing  combination i n  t h i s  invest igat ion,  the  coef- 
f i c i e n t  of f r i c t i o n  w a s  general ly  lower i n  l i qu id  f luor ine  than i n  l i q u i d  
oxygen. 

L e w i s  Research Center 
I National Aeronautics and Space Administration 

Cleveland, Ohio, June 4, 1964 
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